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Modeling an accurate depiction of the tumor microenvironment, (TME), is essential to 
observe the effect external factors might have on the tumor in vivo. In cancer therapy 
specifically, the outcomes of clinical treatments are heavily dependent on drug testing methods 
despite the cytotoxic effects these methods might have on the patient. Our lab has previously 
developed a three layered microfluidic cell array (3D μFCA) to reconstruct the relevantly spatial 
configuration of tumor and microvasculature found in vivo in order to develop a more efficient 
tool of high throughput drug discovery and screening. In this study, we optimized this device to 
include a vital component found in tumor stroma, fibroblasts, and conducted proliferation, 
metabolic and drug response studies to investigate the effects of fibroblast on drug responses. 
We found that healthy fibroblasts reduces triple negative breast cancer cell proliferation in the 
2D coculture, but the cancer cell growth rate increases in the 3D static and device coculture.  
Additionally, preliminary quantitative image analysis showed that the coculture condition had 
lower apoptosis indicated by caspase-3 activity after Doxorubicin introduction compared to the 
control condition.  With these findings, we can gain a better understanding into the effects of 
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SIGNIFICANCE OF THE TUMOR MICROENVIRONMENT 
The tumor microenvironment is known to encompass blood vessels, immune cells, 
fibroblasts, bone marrow-derived inflammatory cells, lymphocytes, signaling molecules and the 
extracellular matrix (ECM) 
1
.    
 
Figure 1 | Schematic depicting components of the tumor microenvironment (TME)
40
 
Components of the ECM include protein, glycoproteins and proteoglycans which all help to 
support the tumor both structurally and functionally 
2
. These components form the basement 
membrane that structurally create a barrier between the epithelium and endothelium from stroma 
by linking together proteins such as type IV collagen, laminins, and fibronectin 
2 
. Although the 
ECM is known to play a homeostatic role in maintaining the local environment of the cells which 
it supports, changes to the ECM are seen when these processes are disrupted, as in the case with 
cancer cell growth. Unregulated degradation of enzymes such metalloproteinases (MMPs) for 
example, can be detrimental to cells in terms of cell-ECM interactions and can affect processes 
of ECM remodeling which are required to maintain a normal environment. It is noted that cell-
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ECM interactions are generalized to be reciprocal in that while cells modulate the ECM to 
continue house-keeping processes, the ECM also regulates diverse cell behavior; any changes in 




The stromal cells involved in the tumor microenvironment are a complex mixture which 
affects tumor responses to drug therapies. It has been shown that the stromal cells in the TME are 
capable of “co-evolving” with the cancer cells, synthesizing and releasing various cytokines, 
chemokines, growth factors, and proteinases which dramatically accelerates disease progression 
4
. The stromal and cancer cells thereby form a co-dependent relationship, in which the stroma 
reacts to these signaling factors that can remodel the ECM, reprogram metabolism, activate 
transcription, and alter synthesis of repair-associated proteins 
4
. This can cause a pro-tumorigenic 
TME, as the TME has diverse capacities to induce beneficial consequences for tumorigenesis 
5
. 
Because the TME is heavily dependent on the tumor itself, it can inhibit the effect of drug 
therapies to kill off cancer cells, providing a drug resistance protection. 
Fibroblasts in particular are a curious sort of stromal cell found in the TME that researchers 
have been interested in. Being the majority type of stromal cell in the tumor associated stroma, 
fibroblasts play many roles such as deposition of ECM and basement membrane components, 
regulation of differentiation events in associated epithelial cells, modulation of immune 
responses and homeostasis mediation 
10,11
. In many previous studies, it has been the goal to 
observe the changes fibroblasts go through in the tumor microenvironment and to investigate 
what these changes have on the effect of the tumor cells themself. Theories regarding the state of 
fibroblasts found in tumor tissue, known as cancer associated fibroblasts (CAFs) have been 
researched in different types of cancer even though there is no specific marker validating its 
3 
 
effect. CAFs in general have been shown to promote tumor progression and metastasis and are 
generalized to have an overexpression of α-SMA, p53, podoplanin, CD10, 
fibroblast activation protein (FAP), matrix metalloproteinases (MMPs), tenascin-C and platelet-
derived growth factor (PDGFR α/β) and decreased caveolin-1 (Cav-1) expression 
12,13,14
. 
 CAFs have also been studied in terms of effect on breast cancer cell proliferation. In one 
xenograft mouse study, human breast CAFs were co-implanted into a mouse. By the end of the 
study, it was shown that breast cancer cell growth was increased due the secretion of SDF-1, a 
cytokine that is involved in tumor angiogenesis 
15
. Other cytokines that have been investigated 
into promoting breast cancer progression are leptin and IL-6 
14,16,17
 . Although these studies show 
a correlation between the CAF cellular state and breast cancer proliferation, it cannot be 
concluded that the effect of all fibroblasts in the tumor microenvironment increase breast cancer 
growth. 
Modeling the TME not only involves including the components found in the niche, but to 
also simulate housekeeping cell processes such as continuous nutrient supply, waste removal and 
maintenance of an appropriate temperature. In vivo, the circulatory system ensures that these 
housekeeping processes are regulated. In vitro, however, parameters such as continuous nutrient 
supply and waste removal needs to be addressed to depict an accurate model. The velocity of 
blood flow varies inversely with the total cross-sectional area of the blood vessels. 
Microcirculation as found in microvessels and the capillaries need to be slow compared to larger 
vessels and arteries to allow time for exchange of gases and nutrients 
6
. For example, comparing 
the difference in the velocities of blood flow in the aorta and capillaries, the velocity of blood in 






Differences of 2D vs. 3D culture environments 
 The studies in cell phenotype grown in a 2D vs 3D environment are well documented and 
vary greatly from cell line to cell line. Cultures typically grown on flat surfaces are ideal for 
acquiring large quantities of cell numbers, but are not ideal to provide accurate depictions of 
cellular responses when subject to external stimuli. The development of biosynthetic matrices 
and naturally derived matrices have allowed researchers to gain a better understanding of how 
cells behave in vivo. For example, studies have shown that cellular characteristics in the 3D 
culture environment differ morphologically and physiologically from cells in the 2D culture 
environment 
8
. These differences are obvious in the morphological aspect of the cells, in that 
most cells grown in a 3D matrix form aggregates or spheroids. The formation of these cells into 
clusters closely resemble the state of these cells in vivo due to cell-ECM interactions that the 
added dimensionality provides. Unlike the stretched morphology that cells are undergo when 
grown in monolayer, the aggregate morphology of cells in 3D contain a range of the same cells 
but in different cellular states such as proliferating, quiescent, apoptotic, hypoxic, and necrotic 
states 
9
 . This difference is most likely attributed to non-uniform nutrition that inner layers of the 
cell aggregates receive, but is similar to the heterogeneity of tissues, specifically of that seen in 
tumors in vivo 
9
. 
 Advances in 3D substrates vary dependent on the purpose of use. Creating a 3D 
environment for migration studies for example may only involve creating a scaffold to seed cells 
on. Common materials used for scaffolds include metals, ceramics and polymers
18
. Scaffolds can 
be engineered to contain the porosity and permeability needed for the intended use.  
 For other applications in research, such as observation of differentiation and use in 
clinical studies, it is desirable to observe cellular behavior encapsulated in a 3D matrix, 
5 
 
specifically cell-ECM interactions. This is where the use of gels are advantageous. The naturally 
derived gel, Matrigel, is sourced from the reconstituted basement membrane extracted from the 
Engelbreth-Holm-Swarm mouse sarcoma. Matrigel is a suitable platform to use when mimicking 
the in vivo tumor environment because of its composition made up of ECM proteins as laminin, 
collagen IV, heparin sulfate proteoglycans, entactin/nidogen, and a number of growth factors
19
. 
The growth factors in Matrigel help to facilitate the proliferation and differentiation of the cells 
encapsulated and can be adjusted to a lower or higher level through dilution of the overall protein 
concentration. 
 The physical properties of Matrigel can also be altered through dilution, offering the user 
a range of porosities and permeability that can be accomplished. The pore size of Matrigel can 
vary from 26nm-359nm in size
20
. Other characteristics of Matrigel have been observed through 
Scanning Electron Microscopy (SEM) imaging, but are specific to the parameters of the study 
itself. To gain a definite list of the features of Matrigel is difficult to acquire since the detailed 
composition of the solution is a trade secret. Therefore, the total controllability of using Matrigel 
is not possible, leading scientists to create biosynthetic 3D matrices such as the peptide hydrogel 
PuraMatrix. However PuraMatrix or other synthetic hydrogel do not have all ECM components 
found in the tumor microenvironment. Currently, it is still Matrigel that is widely used as a 3D 
culture substrate in pharmaceutical industry for anti-cancer drug discovery. 
Significance of the 3D Microfluidic Cell Array 
 Microfluidics is an area of study in engineering whose main objective is to simulate fluid 
dynamics as accurately as possible in a microenvironment. This is especially useful in 
biomedical engineering in that cells and tissues in the human body are subject to forces and 
physical phenomena on the micrometer scale or less. Modeling this aspect in a microfluidic 
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device would then simulate the in-flow of nutrition and the out-flow of waste products. 
Additionally, since the microcirculation of blood has a low Reynolds’s number (Re<1), the flow 
can be classified as laminar and are also subject to local diffusion phenomena
21
.  
 Creating a functional microfluidic cell array therefore can be designed to mimic the in 
vivo environment and provide useful information on cellular responses; of particular interest, the 
response of cancer cells to drug treatment. The previous work done by our lab has created a 3D 
microfluidic cell array device (3D mFCA) with a design in mind to support high throughput drug 
screening and supply continuous flow to simulate microvessels
22
.  The device compromises of a 
three layered system; each layer fabricated with Polydimethylsiloxane (PDMS) and micro-
features imprinted on each layer to simulate different components of the TME. The top layer is 
designed to house endothelial cells, whose primary role is to provide a mimicked vasculature. 
The middle layer is a thin membrane with clustered pores, whose role is to enable 
communication between the endothelial and epithelial layer found in the TME, by transporting 
controlled medium flow from the top layer to the bottom layer and vice versa for waste products. 
Lastly, the bottom layer is designed to house epithelial cells; for this study’s use, cancer cells in 
microchambers seeded in the 3D substrate Matrigel. By using this device as a platform for 
modeling the TME, a more accurate cellular response can be observed to external stimuli such as 
drug treatments, eliminating the need for harmful in vivo testing for clinical applications, where a 
cocktail of treatments are given to a patient, introducing greater risks of cytotoxicity. On the 
pharmaceutical side, a more accurately mimicked TME may improve the efficiency of drug 





II. Materials and Methods 
Cell Cultures and Medium  
Metastatic breast cancer cells (referred as MCC)  
The human triple negative breast cancer cell line, MDA-MB-231 (MCC), was cultured in high 
glucose Dulbecco’s Modified Eagles Medium (Invitrogen) (DMEM), supplemented with 10% 
FBS and 1% penicillin-streptomycin, then incubated at 37º C and 5% CO2. Cells were fed three 
times a week and passaged for pertaining experiments at 70% confluency. 
Fibroblasts (referred as FB) 
The human normal breast fibroblast cell line, ATCC-CRL-2129 (FB) from ATCC, was cultured 
in Eagle’s Minimum Essential Medium (EMEM), supplemented with 10% FBS and 1% 
penicillin-streptomycin, then incubated at 37ºC and 5% CO2. Cells were subcultured weekly and 
were passaged for all pertaining experiments at 80-90% confluency from passages 8-10. 
 
The medium used for all experiments were a 1:1 combination of phenol red free EMEM and 








 Computational Fluid Dynamic Model of 3D μFCA 
 COMSOL Multiphysics software was used to generate one chamber configuration of the 
current model of the 3D μFCA. The dimensions of the chamber is a 200 μm height and a 
diameter of 980 μm. The middle layer has a thickness of 25 μm with symmetrical arrays of pore 
radii of 15 μm as seen in Figure 2. The top layer has a height of 200 μm and width of 990 μm. 
 
Figure 2: COMSOL Model of one chamber in the 3D μFCA. 
  The velocity profile of medium, was simulated as water flowing through porous media 
with a porosity of .96 based on the cellularity of the cell/gel suspension concentration of 12 
million cells/mL. Permeability values of the gel in the chamber were adjusted dependent on the 
specific hydraulic conductivities found for Matrigel at different protein concentrations
31,33
. The 
inlet velocity of the flow was set to be 1x10
-4
 m/s, based on our lab’s previous simulation 
model
22
. The study for our model is conducted as a stationary model with incompressible flow 
and no slip boundary conditions. Solutions to the flow in the top channel were coupled with the 
solutions to flow in the chamber by checking the option of “Free and Porous Media Flow’ in the 
COMSOL software. This option uses the Navier-Stokes for describing the flow in open regions 
9 
 
(top channel) and the Brinkman equations for describing the flow in the porous region (bottom 
chamber). Both of these equations are solved together with the continuity equation to generate 




Where µ denotes the dynamic viscosity of the fluid, u is the velocity vector,  is the density of 
the fluid, p is the pressure , p is the porosity,   is the permeability of the porous medium , βF is 
the Forchheimer drag, and Q is a mass source or mass sink. Gravity and other volume forces are 
summed in the force term F . 
2D vs 3D Viability of Coculture  
MCC and passage ten FB cells were seeded at a 1:1 ratio in total cell concentrations of 
70,000 cells/150 microliters for the 2D condition and 270,000 cells/150 microliters in Growth 
Factor Reduced Matrigel (Corning) at a 6mg/mL concentration for the 3D condition. 100 
microliters of phenol red free DMEM/EMEM medium was added to the 2D and 3D conditions. 
10 
 
These concentrations were based on the proliferation curve data of Day 5. 8-well chamber slides 
(LAB Nuktek) were used and incubated at 37º C and 5% CO2 for 48 hours. After 48 hours, 
medium was removed from the wells and a 2 μM calcein AM (Life Technologies), 4 μM 
ethidium homodimer (Life Technologies) and 1 μM Hoescht dye solution made with 1x DPBS 
was introduced to the wells. For the 2D condition, cells with dye were incubated at 37º C and 5% 
CO2 for 10 minutes and 1 hour for the 3D conditions. 
2D and 3D Proliferation Rate 
Three conditions were observed for proliferation studies in a 7 day time period in 2D and 
3D environments; MCC cells alone, FB cells alone and a coculture of MCC/FB cells. 
2D culture - 200  L of a 1:1 phenol red free DMEM/EMEM medium were added to nine 
wells in (3) 24 well plates. MCC tagged with GFP and FB cells were seeded at a concentration of 
6.7x10
4
 cells/mL at 300  L per well, in triplicate. In the coculture condition, MCC cells and FB 
cells were seeded at a 1:1 ratio with the same total seeding concentration as the two other 
conditions, in triplicate. All conditions were maintained in a 1:1 phenol red free DMEM/EMEM 
medium combination and incubated at 37°C with 5% CO2. Medium changes were performed on 
Day 1, 4, and 6. On Days 2, 5, and 7, 500  L of medium was collected, washed with 150 L of 
1x DPBS, trypsinized with 100 L of .25% Trypsin-EDTA and incubated for 7 minutes at 37°C 
with 5% CO2. Cells were then collected and centrifuged for 5 minutes. For MCC alone and FB 
alone conditions, cell counts were obtained with a hemocytometer. For the coculture condition, 
cell counts were obtained through hemocytometer and fluorescence microscopy to obtain MCC-
GFP cell counts and total cell counts. 
3D culture - Nine wells in (3) 24 well plates were coated with 50  L of 8.6 mg/mL of 
Matrigel and incubated for 30 minutes at  37°C with 5% CO2 to complete gelation as a coating 
11 
 
layer. MCC-GFP and FB cells were seeded at a concentration of 4x10
5
 cells/mL in (3) 24 well 
plates in a 6 mg/mL concentration of Matrigel at 300  L per well, in triplicate. In the coculture 
condition, MCC tagged with GFP and FB cells were seeded at a 1:1 ratio with the same total 
seeding concentration as the two other conditions, in triplicate. Once seeded, plates were 
incubated for 30 minutes at 37°C with 5% CO2 to complete gellation. 500  L of 1:1 phenol red 
free DMEM/EMEM medium combination were added to each well. Plates were then incubated 
at 37°C with 5% CO2 and maintained with medium changes on Day 1, 4, and 6. On Days 2, 5, 
and 7, 500  L of medium was collected, and 300  L of Dispase (Corning) was introduced to 
each well and incubated for two hours at 37°C with 5% CO2,, according to manufacturer’s 
protocol. 300  L of Cell Recovery Solution (Corning) was then added to each well after 
incubation and pipetted up and down to stop action of Dispase. Cells were then collected and 
centrifuged for 5 minutes. Cells were washed again in Cell Recovery Solution and centrifuged 
for 5 minutes. For MCC alone and FB alone conditions, cell counts were obtained in 200-400  L 
of medium and counted with a hemocytometer. For the coculture condition, cell counts were 
obtained through hemocytometer and fluorescence microscopy to obtain MCC-GFP cell counts 
and total cell counts. 
Proliferation Rate in 3D μFCA 
 MCC tagged with GFP cells and DiI stained FB were seeded at a 1:1 ratio at a seeding 
concentration of 2.4x10
6
 million cells/ mL. Control condition of MCC alone cells were also 
seeded in a different channel at the same total seeding concentration. Cells were encapsulated at 
a 6mg/mL concentration of GFR Matrigel and were allowed to gel at 37°C with 5% CO2 for 1 
hour. 200  L of phenol red free DMEM/EMEM 1:1 combination medium was introduced to 
each channel seeded after gelation. Day 0 Images were captured using AxioObserver Z.1 
12 
 
microscope with AlexaFluor 488 and DsRed filters. On Day 1, continuous medium flow was 
introduced to the channels using a syringe pump at a flow rate of 1  L/ min. Images were then 
taken on Day 2, 5, 6, and 8. Image Analysis was done through background subtraction and total 
cell area summation to compare growth rates between different conditions. 
Average Glucose Consumption Rate of 2D and 3D Proliferation Culture Conditions 
 24 hours prior to medium collection, 500  L of warmed stock medium was collected on 
medium change days 1, 4,and 6 in sterilized 1 mL tubes, followed by storage in 4°C for 24 
hours, wrapped in foil. 24 hours later, the same culture plates as the 2D and 3D proliferation rate 
experiments were gently shaken to evenly mix medium and 500  L of medium from each well 
was collected on Day 2, 5, and 7 in sterilized 1mL tubes, followed by storage in 4°C for 24 
hours, wrapped in foil. The glucose colorimetric assay, GAHK-20 (Sigma) was then performed 
on Days 3, 6, and 8. 50 L of medium from each sample were collected into 1mL tubes. 33 L 
from the 50 L subsample was then diluted 1:10 with ddH2O. 20  L of the diluted samples was 
added to a 96-well plate with 100  L of assay reagent, in triplicate. For blank samples, 20  L of 
the diluted sample was added to wells with 100 L of ddH2O, Plates were then lightly shaken on 
a plate shaker for 5 minutes at room temperature, kept away from light. Plates were then 
incubated for an additional 10 minutes at room temperature and absorbance was measured on a 
SpectraMax M2e reader at excitation of 340nm and emission of 520nm. Average glucose 
consumption values was quantified by subtracting blank sample absorbance values and reagent 
absorbance values from experimental and control sample absorbance values. Absorbance values 
were then converted to glucose concentration using a known amount of glucose as the standard. 
Resulting experimental concentration values were then subtracted from resulting control sample 
values to find average glucose consumption rate over 24 hours in a 7 day time period. 
13 
 
Dynamic Caspase-3 activity in 3D Static Culture Conditions 
 Based on cell count values recorded from the 3D proliferation rate data from day 5, a 
total cell seeding concentration of 270,000 cells/150  L. MCC cells were seeded in the middle 4 
wells of an 8-well chamber slide (LabTek) in 6 mg/mL Matrigel at 150  L per well. In the 
coculture condition, MCC cells and FB cells were cocultured at 1:1 ratio with a total cell seeding 
concentration as the MCC condition and also in the middle 4 wells of a separate 8 well chamber 
slide. Chamber slides were then incubated for 30 minutes at 37°C with 5% CO2 to complete 
gellation. 100  L of a phenol red free 1:1 DMEM/EMEM medium combination was introduced. 
Cultures were maintained at 37°C with 5% CO2 for 48 hours. After 48 hours, slides were fixed 
onto the AxioObserver Z.1 live imaging chamber, kept at 37°C with 5% CO2 .Timepoint 0 z-
stack images were taken to provide evidence of no fluorescence in the middle portion of each 
culture at 3 different locations. Drug treatments of 1 M Staurosporine, 4 M Doxorubicin and no 
drug medium were introduced to the 1st well, 2nd and 4th well, and 3rd well, respectively. An 
equal volume of a 4 M Caspase-3 substrate (Biotium) was introduced after drug treatment and 
hour intervals of phase contrast and fluorescent images were taken for 24 hours at the same 
locations and depth as timepoint 0. Fluorescent images were taken with the GFP filter in which 
the appropriate exposure time was found to 350ms. Image Analysis was done through 








Quantitative Image Analysis 
 For 3D μFCA growth curve experiments, Z-stack images were deconvolved using the 
Zeiss ZEN software’s inverse filter algorithm with background correction and fluorescent decay 
correction. Images were then exported to MATLAB for background subtraction and normalized 
cell area intensities were calculated per well and averaged for each timepoint. Day 0 image cell 
area intensities were used to normalize the following data points’ intensities. 
 For dynamic caspase-3 activity experiments, Z-stack images were deconvolved using the 
Zeiss ZEN software’s nearest neighbor filter algorithm with background correction and 
fluorescent decay correction. Images were then exported to MATLAB for background 
subtraction and normalized total intensity for each slice was calculated. Control intensity values 
were then subtracted from drug treated values and averaged per timepoint. 
 
Statistical Analysis 
All values were expressed as mean ± standard deviation and statistically analyzed 
using a single factor ANOVA and/or the two-tailed Student’s t-test. For all comparisons, the 











1. Flow Profile in 3D μFCA with Matrigel 
 The contoured velocity profile of medium entering the left inlet from the top channel and 
diffusing through the middle membrane into the gel culture in the chamber is shown in Figure 3a 
from a lateral view. The flow of medium in the top channel is fastest in the middle of the channel 
at velocities up to 1.74 x10
-4
 m/s. The velocity profile in the chamber is lowest at velocities 6 
orders of magnitude below the top channel’s velocities. Indeed this can be attributed to the low 
permeability values chosen for the gel, leading to a substantially slower flow in the chamber. For 





extrapolated from data of recorded specific hydraulic conductivities for a Matrigel protein 
concentration of 9.7 mg/mL
 
as a function of perfusion pressure
31
. To compensate for the higher 
Matrigel protein concentration stated in the reported literature, we hypothesized that our Matrigel 
concentration would be nearly half and therefore the specific hydraulic conductivity an order of 
magnitude higher based on the utilized paper
31
. The thickness of the gel tested in the paper is 
also over 1 mm whereas our gel thickness is 200μm. Based on these parameters, the average 
velocities in the chamber were on the order of 10
-10
 m/s, not enough to claim interstitial flow 
(0.1-2 μm/sec)
32
 in this model. A second simulation, shown in Figure 3c, was ran using another 
published study modeling the hydraulic conductivities of the glomerular basement membrane as 
a function of water pressure
33





is based off of a gel thickness of 67μm and Matrigel protein concentration of 14.1 mg/mL
33
. The 
average velocities found in this simulation are on the order of 10
-12
 m/s, again not fast enough to 




                     



















 with a porosity of .96. The 
average flow velocities reached in the chamber with these parameters are on the order of 10
-12
 
m/s in Figure 3b.Velocity is distributed as highest in the middle regions, gradually getting slower 
towards the edges.                
                                       
                          
Figure 3b: Average flow velocities in bottom chamber with a permeability of 2.5 x10-16 m2 with a 








 with a 
porosity of .96 in Figure 3b. The average flow velocities reached in the chamber are on the order 
of 10
-10 
m/s. Distribution of the velocities are the same for both cases. 
                                      
 
Figure 3c: Average flow velocities in bottom chamber with a permeability of 8.77 x10-15 m2 with a 






2. Viability in 2D & 3D Cultures using Matrigel  
The coculture condition in 2D and 3D cells were seeded and cultured for 48 hours to 
simulate final cell count numbers recorded from the coculture proliferation data. Viability of 
cells initially seeded was measured using trypan blue staining and were recorded to be 98% 
viability for MCC cells and 95% viability for FB cells. Live/dead staining assay was performed 
in combination with nuclear dye staining to evaluate viability. Qualitative image analysis shows 
high viability of the coculture was confirmed through fluorescent imaging to be over 90% viable 
in both the 2D condition and 3D condition shown in Figure 4. Morphological differences of the 
coculture condition can be observed between the 2D environment in Figure 4B compared to the 
3D environment in Figure 4D. Cells in the 2D environment are elongated and spindled shaped in 
2D while clustered and round in 3D. 
 
Figure 4: Coculture of MCC cells and FB cells after simulated 7 day culture in 2D and 3D. A) Blue 
fluorescence indicates all cells in 2D. B) Green fluorescence from Calcein AM indicates live cells 
and Red Fluorescence from Ethidium Homodimer indicates dead cells in 2D. C) Blue fluorescence 
indicates all cells in 3D. D) Green fluorescence from Calcein AM indicates live cells and red 
Fluorescence from Ethidium Homodimer indicates dead cells in 3D.  Images were taken in 10x 
objective with an epi-fluorescence microscope 
19 
 
3. Cell Doubling Times of Various Cultures 
 2D Culture Conditions 
For the three culture conditions in 2D, MCC alone, FB alone, and a 1:1 initial seeding 
ratio between MCC/FB cells, the respective proliferation curves are shown in Figure 5a. Under 
the same media conditions, the MCC alone culture showed the highest cell counts on days 2, 5 
and 7 compared to all other conditions. The average cell counts of the MCC alone condition was 
significantly higher than the FB culture alone on Day 2 (p =.001), but not significantly higher 
than the coculture condition. No significance was found between the FB alone culture and 
coculture condition. Day 5 shows an increase in cell growth for the MCC alone condition and 
coculture condition from Day 2, but do not significantly differ, nor between the FB condition and 
coculture condition. Day 7 cell counts showed the MCC was significantly higher than both the 
coculture (p =.001), and FB alone (p =.0005), condition, while the coculture condition’s cell 
counts were significantly higher than the FB alone condition (p =.008). Each condition’s average 
doubling time was then calculated from its respective growth curve through exponential fitting. 
The doubling time for the MCC alone culture had the shortest doubling time of 1.6 days, 
followed by the MCC/FB coculture with a doubling time of 2.1 days and finally the FB alone 





Figure 5a: Total Cell Counts over 7 day 2D culture for MCC alone condition. FB alone condition 
and coculture condition. 
In the coculture condition, the percentages of each cell type were recorded as seen in 
Figure 5b. MCC cells comprised of 59%, 63%, and 81% of the total population on Days 2, 5 and 
7, respectively. 
 






























The normalized MCC cell counts from the coculture condition were then compared to the 
normalized cell counts from the MCC alone condition, showing a slower proliferation rate as 
seen in Figure 3c.  Doubling time of the MCC cells in the coculture condition were also 
calculated and were compared to the MCC alone condition. The short term doubling time in 
MCC alone condition still had the shorter doubling time of 1.72 days compared to the MCC in 
the coculture condition doubling time of  2.19 days.  
 
Figure 5c: Normalized 2D Cell Counts over 7 Day in MCC alone condition and coculture condition. 





The normalized FB cell counts from the coculture condition were then compared to the 
normalized cell counts from the FB alone condition, showing a faster proliferation rate as seen in 
Figure 3d. Day 5 FB cell counts in the coculture condition were significantly higher than the FB 
condition alone (p=.0005).  Short term doubling time of FB in coculture was calculated to be 3.9 
days while the FB alone condition’s doubling time was 66 days. 
 
Figure 5d: Normalized 2D Cell Counts over 7 Day in FB alone condition and FB in coculture 






 3D Static Culture Conditions 
For the three culture conditions in 3D, MCC alone, FB alone, and a 1:1 initial seeding 
ratio between MCC/FB cells, the respective proliferation curves are shown in Figure 6a. Under 
the same media conditions, the MCC alone culture showed the highest cell counts on days 2, 5 
and 7 compared to all other conditions. The average cell counts of the MCC alone condition was 
significantly higher than the FB culture alone on Day 2 (p =.019), but not significantly higher 
than the coculture. The coculture condition was also significantly higher than the FB alone 
condition (p =.007). Day 5 shows an increase in cell growth for all culture conditions, in which 
the MCC alone condition cell count is significantly higher than the coculture condition (p = .001) 
and the FB alone condition (p =.00006). The coculture condition is also significantly higher than 
the FB alone condition (p = .0003). Day 7 cell counts showed the MCCalone condition was 
significantly higher than the FB alone culture (p =.002), but not significantly higher than the 
coculture condition. The coculture cell counts were also significantly higher than the FB alone 
condition (p =.015). Each condition’s average doubling time was then calculated from its 
respective growth curve through exponential fitting. The doubling time for the MCC alone 
culture had the shortest doubling time of 3.6 days, followed by the MCC/FB coculture with a 





Figure 6a: Total Cell Counts over 7 day 3D culture for MCC alone condition. FB alone condition 
and coculture condition. 
In the coculture condition, the percentages of each cell type were recorded as seen in 
Figure 4b. MCC cells comprised of 65%, 77%, and 84% of the total population on Days 2, 5 and 
7, respectively. 
Figure 6b: Percentages of MCC cells and FB cells in 3D Coculture condition 
The normalized MCC cell counts from the coculture condition were then compared to the 





























seen in Figure 4c.  The MCC cell counts in the coculture condition were significantly higher than 
the cell counts in MCC alone condition on Day 7 (p=.038). Doubling time of the MCC cells in 
the coculture condition were also calculated and were compared to the MCC alone condition. 
The short term doubling time in the MCC alone condition had the longer doubling time of  2.85 
days compared to the MCC in the coculture condition doubling time of  2.83 days.  
 
Figure 6c: Normalized 3D Cell Counts over 7 Days for MCC alone condition and coculture 






 The normalized FB cell counts from the coculture condition were then compared to the 
normalized cell counts from the FB alone condition, showing a faster proliferation rate as seen in 
Figure 4d. The FB cell counts in the coculture condition nor the FB alone condition displayed an 
exponential growth trend in 3D, therefore calculating doubling times through exponential 
regression would be inaccurate.  
 








Cultures in 3D μFCA 
 Growth of the MCC alone condition compared to the growth of the MCC cells in the 
coculture condition in the 3D μFCA was observed to be slower over the 8 day culture period in 
Figure 7a. Notably, the MCC alone culture reached plateau phase by day 5. The coculture 
condition however increases growth from Day 5 to Day 8, not yet hitting a plateau phase. The 
short term doubling times were then found through exponential fitting of each condition’s 
growth curve. The MCC alone condition had a doubling time of 2.33 days while the MCC cells 
in the coculture condition had a doubling time of 1.79 days.   
 







 Comparisons of MCC growth in the coculture condition are shown in Figure 7b. It can be 
seen that the trends in growth up until Day 5 are quite similar. A statistical difference however 
can be seen on Day 5 through confirmation of ANOVA (p=.027). Short term doubling times of 
the three conditions based on timepoints 2, 5 and 7 show that the 2D condition had the shortest 
doubling time of 1.4 days, the device condition had the second shortest doubling time of 1.74 
days and the 3D static culture had the longest doubling time at 3.01 days.   
 







4. Glucose Consumption Rate 
2D culture conditions 
 Samples of medium from each well in 2D culture conditions were collected on days 2, 5 
and 7. Control samples were collected on medium change days 1, 4 and 6. Figure 8a shows 
glucose consumed per cell in the MCC alone condition is the lowest at all timepoints, followed 
by the FB alone condition and the coculture condition. Day 7 glucose consumption in all three 
conditions was proven to be statistically significant through confirmation of ANOVA 
(p=.00019). Glucose consumed by the coculture condition is significantly higher than the MCC 
alone condition on Day 7 (p =.0164). There was no statistical difference between the FB alone 
and coculture condition. There was also no statistical difference between the MCC alone and FB 
alone conditions. 
 




 3D static culture conditions 
 Samples of medium from each well in 3D culture conditions were collected on days 2, 5 
and 7. Control samples were collected on medium change days 1, 4 and 6. Figure 8b shows 
glucose consumed by the coculture condition is significantly higher than the MCC alone 
condition on Day 5 (p =.021). ANOVA was also used to confirm a statistical difference in all 
three conditions on Day 7 (p=.03); specifically the coculture condition was significantly higher 
than the MCC alone condition (p =.001). There was no statistical difference between the FB 
alone and coculture condition. 
 







5. Dynamic Caspase-3 Activity in 3D Static Culture Conditions 
Caspase-3 activity was used as a marker to indicate apoptosis after drug introduction of 
Doxorubicin (4µM).  The caspase-3 kit was first validated by inducing apoptosis in each culture 
condition with Staurosporine (1µM), a known apoptotic inducer via the intrinsic pathway
38 
(data 
not shown).  Figure 9 shows the MCC alone condition had higher activities of caspase-3 in 
response to DOX than the coculture over all measured time points. At hour 5, the MCC alone 
condition shows significantly higher caspase-3 activity than the coculture condition (p=.047). 
Time-lapse images succeed to show a general reduction in caspase-3 activity in both the MCC 
alone condition and coculture condition starting from hour 9.  The difference in caspase-3 
activity between the two conditions start to become smaller as time goes on. 
 
Figure 9: Quantitative analysis of caspase-3 activity of MCC alone and coculture condition after 






IV. Summary, Discussion and Future Studies 
In this present study, we expanded on the previous model of the 3D Microfluidic Cell Array 
to utilize Matrigel, a naturally derived ECM substrate, and incorporate fibroblast coculture with 
cancer cells to recapitulate the stroma of the TME. The velocity profiles of medium flow through 
the device were simulated with COMSOL to assess whether interstitial flow could be achieved in 
the bottom culture chamber with this substrate. Using the permeability available in literature for 
~10mg/ml Matrigel we did not achieve the interstitial flow velocity in the cancer cell culture 
chamber (bottom) in our device when 100µm/s flow velocity was used in the medium feeding 
channel (top) of our device. However our simulation data showed the gel permeability affects the 
flow velocity in the bottom chamber of our device in a great deal.  
We also used this substrate to interrogate differences in metastatic cancer cell growth when 
cocultured with fibroblasts versus in isolation in 2D, 3D, and device environment. We found that 
MCC proliferation is inhibited when cocultured with FBs in the 2D environment. However, in 
the 3D environment and in the device, MCC inhibition was not seen, rather MCC growth was 
increased in the coculture condition.  Additionally, we found that glucose consumption trends 
were different in the 2D and 3D environment for the MCC alone and coculture conditions. The 
proliferation and glucose data collected served as a supplement to analyze the MCC and FB 
interaction when apoptotic inducers were introduced. Data regarding the interactive effect 
between MCC and FB may provide insight into the underlying MCC pharmacological 
vulnerabilities. Furthermore, our preliminary analysis of drug response in the MCC alone and 
coculture conditions showed that the coculture condition had a lower response to the drug 
Doxorubicin than the MCC alone condition. The results of our study are in accordance with other 
33 
 




Interstitial fluid flow is the flow seen throughout the ECM and is vital for the transport of 
large proteins through the interstitium
36
. For the tumor microenvironment in particular, fluid 
flow is low while the fluid pressure is high, as a result of the altered lymphatic dynamics
37
. The 
velocity profiles of medium flowing through the device showed that the speeds found in the 
bottom chamber are not high enough to achieve interstitial flow for either model (Figure 3b,c). 
The parameters used for the simulation were based off of studies found for different 
concentrations of Matrigel with different gel thicknesses which cannot directly be compared to 
our study. However, by combining the data from both simulations, we can predict our 6 mg/mL 
Matrigel model at 200 µm thickness to be somewhere in the middle of these two results. By 
incorporating this information into our current model, we can optimize our device further to be 
able to claim interstitial flow. Further experiments are necessary to validate the true permeability 
of the 6mg/mL Matrigel concentration we used in order to optimize our device to reach 
interstitial flow in the bottom chamber.  
The viability of the coculture is needed to prove that these two cells types can be cultured 
together in Matrigel with the combination medium used. Viability was as expected, showing that 
the MCCs and FBs are compatible in the coculture configuration (Figure 4). The viability images 
also serve as a visual of what the morphology of the cell types in the coculture condition are in 
the 2D and 3D environments. As opposed to the elongated morphology of the cells in a 2D 
monolayer, the coculture in 3D primarily forms aggregates in sparse locations. This phenomenon 





The growth curves of the three culture conditions in 2D was expected in that the proliferation 
rates of metastatic cancer cells by itself will outgrow the other two culture conditions. Our data 
shows the growth of MCCs in the coculture condition is slower while the growth of FBs in 
coculture is faster (Figure 5c,d). Taking this subanalysis of each cell types’ growth in the 
coculture condition and comparing it to the average coculture growth curves (Figure 5a), it is 
apparent that the FBs inhibit MCC proliferation. The specific mechanism responsible for this 
observation is unknown, but may be related to our study’s use of normal, healthy fibroblasts. 
Previous studies have found that normal fibroblasts when cocultured with metastatic cancer cells 
also decreased proliferation rates of the cancer cells while CAFs increased proliferation
35
. 
The growth curves of the three culture conditions in 3D show a similarity to the growth in 2D 
in that the MCC alone condition had the lowest average doubling time (Figure 6a). By analyzing 
the MCC growth alone and in the coculture closely, there is an opposite effect seen in 
comparison to the 2D condition (Figure 5c). Furthermore, growth of the FB cells alone and in 
coculture show a uniform trend of hardly growing seen in Figure 6d. Taking this subanalysis of 
each cell types’ growth in the coculture condition, we did not see inhibition of MCCs in the 
coculture condition but can attribute our observations to the cell-cell interaction in the 3D 
environment. In addition, the plateau feature of the MCC alone trend is apparent in literature, 
specifically that the growth rate of cell line MDA-MB-231 is slower when embedded in a 3D 
matrix 
25
. With this information, we can speculate that the coculture condition in 3D has more 
room for growth if cultured for a longer period of time. 
The growth curves observed in the 3D μFCA were anticipated. The MCC alone condition in 
the device over a 6 day culture period resulted in a plateau by Day 5 (Figure 7a), as seen in our 
3D static condition data. However, MCCs were also observed to look unhealthy on Day 5 that 
35 
 
may have caused the cells to stop growing any further. The results of this preliminary experiment 
warrants the need for a repeat to arrive at a final conclusion.  
The differences in doubling times between the 2D culture conditions, 3D culture conditions 
and device conditions are also worth noting. The growth of MCCs in the coculture condition in 
the 2D and 3D environment show that MCC proliferation is inhibited in the 2D environment 
(Figure 5c) but enhanced in the 3D environment (Figure 6c). The proliferation of cells in the 2D 
environment are also shown to grow nearly 20 times more than the initial cell counts while the 
MCCs in the 3D environment only grow 6 times as much. Slower proliferation rates in the 3D 
environment are well documented and are agreed to be physiologically relevant to cell growth in 
vivo
41
. Figure 7b provides a comparative look into the growth of the MCC cells in the coculture 
condition in 2D, 3D and in the device. There was found to be a statistical difference in the MCC 
cell counts on Day 5 indicating that differences in growth are present during long term culture 
conditions. In the 2D environment, both MCC alone and cocultures had expectedly lower 
doubling times than in the 3D condition. However, we expected the doubling times in the device 
condition to be similar to the doubling times in the 3D environment which was not the case. The 
device condition’s doubling times were almost an average of the 2D and 3D conditions doubling 
times. This may be attributed to the factor of the continuous flow of medium the device 
conditions were subjected to. The cellular clusters formed when embedded in a 3D matrix causes 
a lack of nutrition to the cells inside aggregates. By providing a continuous flow of nutrients, 
these clusters are better able to acquire the nutrition and eliminate waste to continue the cellular 
processes more efficiently. 
Glucose consumption in cancer cells is known to be higher than in normal cells 
26
 . Tumor 
cells exhibit high levels of glycolysis despite the presence of a proportional amount of oxygen, 
36 
 
known as aerobic glycolysis 
27
. This feature of cancerous cells are also targets for cancer therapy; 
by reducing the amount of glucose available to the cells, the cells could theoretically starve and 
die. In this study however, the amount of glucose consumed by cancer cells vs fibroblasts were 
not adjusted to the true physiological ratio. In our study, glucose consumption was measured per 
hour per cell to correlate with growth rates in the 2D and 3D environments. Given that the 
amount of glucose levels in the medium of each condition were the same, it is really the 
difference in cell number in each condition which is the dominating factor in the uptake rate per 
cell for the 2D setting. The number of cells in the MCC alone condition is almost twice as high 
as the number of cells in the coculture condition, resulting in almost twice as much glucose being 
consumed in the MCC alone condition (Figure 8a). 
In the 3D environment, cells are modeled in a natural setting allowing a more accurate 
system of active cellular processes in comparison to a 2D conventional monolayer
28
. These 
processes utilize glucose as a source of energy to complete these tasks. The glucose data 
collected from the 3D culture conditions all show a general increase in glucose uptake per cell as 
time goes on (Figure 8b), excluding the FB alone condition which remained at a steady level.  
Overall, the difference in glucose consumption trends in the 2D and 3D environments should 
be noted. Whereas glucose consumption in the MCC alone condition and coculture condition in 
the 2D environment reduces from Day 5 to Day 7, the opposite trend is seen in the 3D 
environment. A possible explanation for this goes back to the studies citing cancer cells 
metabolize glucose quicker.  The need for glucose for proliferation is seen to be reduced in the 
2D environment, but in the 3D environment is possibly needed to provide energy for other 
cellular processes besides proliferation.  
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Caspase-3 is one of the enzymes that belong to the family of caspases whose role in 
apoptosis, or programmed cell death, is regulated through extrinsic or intrinsic pathways of 
apoptosis. If the extrinsic apoptosis pathway is activated, the activation of caspase-8 occurs. 
Active caspase-8 then can initiate apoptosis directly by cleaving and thereby activating 
executioner caspases, one of which is caspase-3
29
. In this study, we used caspase-3 as an 
indicator for apoptosis once the MCC alone condition and coculture conditions were induced 
through drug introduction of Doxorubicin (4μM). The caspase-3 activity in the coculture 
condition were found to be lower than the MCC alone condition at all timepoints as seen in 
Figure 9. Peak caspase-3 activity was found at hour 9 for both conditions, although the standard 
deviation is markedly high as well, due to some limitations in this study. It should be noted that 
this preliminary analysis took into account only 3 locations in one well. By analyzing more data 
points for both conditions, we can expect a lower standard deviation for each average value, 
providing a more definitive result. Other factors that could be changed to conduct a better study 
involve the incorporation of additional drugs such as chemotherapeutic agents Fluorouracil and 
Taxol
30
. Lengthening the time of this study beyond 24 hours is another factor to consider, as 
Doxorubicin is shown to have apoptotic effects on cancer cells up to 72 hours
39
.  
There are a couple of aspects in this study that could have been added on to validate the 
preliminary results we observed. For the growth analysis in the device, it is important to analyze 
the growth of the MCCs alone and in coculture without the continuous flow condition as well. 
This control condition will be able to confirm that the growth rates of the MCCs in the device are 
truly correlated with the continuous flow of nutrients being supplied. Secondly, it is important to 
analyze the distribution of intensities for cells embedded in the 3D matrix per z-stack slice 
through image analysis. If intensity distribution is not similar alone z-direction throughout the 
38 
 
length of the experiment, it is possible that the degradation of Matrigel might cause the sinking 
down of the cells. 
The next step in this study would be to test the dynamic caspase-3 activity in the 3D μFCA. 
Although the results of our 3D static culture conditions show that fibroblasts provide increased 
resistance to the cancer cells after drug introduction, the level of resistance might not be as 
predicted evidenced by the results of our growth curve experiments. By mimicking the in vivo 
environment as closely as possible, we can optimize the 3D μFCA to correctly analyze drug 
response for real patients. The current method of drug testing in clinical studies, specifically 
triple negative breast cancer studies, is to provide a “chemo-cocktail’ of drugs to patients; 
introducing a valid risk of cytotoxicity and adverse reactions
30
. The 3D μFCA could potentially 
be used as platform for clinical drug screening, eliminating the high risk of cytotoxicity and also 
reducing the risk of chemoresistance, seen after patients are exposed to ineffective drug 
treatments. This platform will provide a better patient outcome in clinical cancer therapy to find 
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